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Abstract. Sudden cardiac death in athletes is often related to anomalies in coronary origin, which 
may affect how coronary arteries supply blood to the heart; this highlights the importance of 
understanding coronary perfusion. Studies for the simulation and predictions of coronary blood 
flow under normal or disease conditions are many. Numerical simulations can provide rich 
information about the coronary blood flow with reduced costs in relation to physical models. 
Correct numerical simulation of the coronary blood flow is still challenging due to the complex 
interactions with the upstream, e.g., the aortic root, and downstream, e.g., the ventricular 
contraction, parts of the coronary arteries. Among all, the intrinsic ability of coronary artery 
autoregulation, intramyocardial resistance, cardiac frequency, and aortic valve functioning could 
significantly affect the coronary artery perfusion. In the present study, we aim at investigating the 
effects of the aortic valve and boundary conditions on coronary perfusion. We numerically 
modeled, by means of the ANSYS-Fluent software, the blood flow inside the proximal parts of the 
left and right coronary arteries, aortic sinuses of Valsalva, and ascending aorta with and without 
the aortic valve; the geometry of the computational model represents the average healthy person. 
Physiological boundary values have been applied at the computational domain boundaries to 
achieve a stable solution of the Navier-Stokes equations, which govern the incompressible, 
laminar, Newtonian blood flow. Our numerical results give insight into a proper numerical setup 
to predict coronary blood flow. 
Introduction 
The main medical cause of death in athletes is sudden cardiac death (SCD) [1]. High risks of SCD 
have been observed among patients with a history of coronary artery disease (CAD) [2]. There are 
multiple research studies in the literature indicating the possible relations between coronary 
abnormal functioning and myocardial ischemia which might lead to SCD [3,4]. Thus, knowing 
about coronary artery perfusion could help coronary artery disease diagnosis and surgical planning 
prior to SCD. 

While medical imaging is applied widely for cardiovascular and coronary artery diagnosis, they 
show no predictive capabilities particularly in pathology of the anomalous course of the coronary 
artery in SCD [5,6]. Alternatively, computational methods provide this opportunity to virtually 
simulate the cardiovascular system including the coronary arteries. Lumped parameter or one-
dimensional computational models have been successfully hired to study the variety of patient-
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specific blood flow simulations [7–9]. However, these methods cannot suitably model pressure 
wave propagations or fluid-structure interaction phenomena, which are important factors in arterial 
blood flow simulations [10], such as in the aortic root and proximal part of the coronary arteries. 
Thus, 3D computational fluid dynamics (CFD) simulations, particularly when they are coupled 
with the structural models, can provide a detailed analysis of the blood flow in coronary arteries. 

In this paper, we simulate the blood flow in a three-dimensional model of the proximal parts of 
the left and right coronary arteries, aortic sinuses of Valsalva, and ascending aorta of average 
healthy people. We applied physiological pressure and flow rate boundary values at the boundary 
locations of the computational domain. Subsequently, a numerical flexible aortic valve model has 
been integrated into the computational domain of the blood volume to study the effects of the aortic 
valve functioning on coronary artery perfusion. 
Methods 
The computational domain is twofold. One is the blood volume, and the other is the aortic valve 
structural model.  

We follow the descriptions of works by [11–13] to design the blood flow computational volume 
that represents average healthy people. The blood volume consists of the inlet volume (included 
to manage the inflow), the aortic sinuses of Valsalva, proximal parts of the left and right coronary 
arteries, and the ascending aorta which are shown in Fig. 1; the dimensions of the model elements 
are reported in Table 1. 

 

(A)  (B)  
Fig. 1 (A) 3D schematic of the blood volume computational domain including inlet aorta 

(magenta), aortic sinuses of Valsalva (red), ascending aorta (yellow), left (green), and right 
(blue) coronary arteries. (B) Numbers showing the flow domain boundary locations, (1) inlet, (2) 

aorta outlet, (3) left coronary outlet, and (4) right coronary outlet. 
Table 1 The dimensions of the flow volume computational domain elements as shown in Fig. 1. 

No Part Length [𝒎𝒎𝒎𝒎] Diameter [𝒎𝒎𝒎𝒎] 
1 Ascending aorta 50 36 
2 Left and right coronary arteries 40 3 

3 Sinuses of Valsalva 29 29 (aortic annulus) 
36 (sinotubular junction) 

4 Inlet aorta 10 29 
 
Moreover, the computational flow domain is integrated into the aortic valve structural model 

that is shown in Fig. 2-A. The aortic valve is located right after the aortic inlet downstream at the 
location of the aortic annulus, see Fig. 2-B. The design of the numerical model of the aortic valve 
mimics fairly well the geometry of the Medtronic Avalus 400 bioprosthetic aortic valve that is 
shown in Fig. 2-C; the corresponding dimensions of the aortic valve model are reported in Table 
2. The dynamics of the fluid and solid parts of the domain have been simulated with the numerical 
software Ansys® Fluent and Ansys® Transient Structural, respectively, coupled in a solver 
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package that iteratively solves the discretized forms of the governing equations of the fluid flow 
and solid motion at each computational mesh point. The mesh characteristics of the computational 
domain are summarized in Table 3. 

 
(A) 

 

(B) 

 

(C) 

 
Fig. 2. The aortic valve computational domain (A) is located downstream of the aortic inlet 
(magenta) at the aortic annulus (red) center (B), which has been designed according to the 

Medtronic Avalus 400 bioprosthetic aortic valve (C). 
The fluid flow governing equations are the principle of mass conservation and the Navier-

Stokes equations for incompressible fluid, characterized by density of 𝜌𝜌 = 1060[𝑘𝑘𝑘𝑘/𝑚𝑚3] and 
dynamic viscosity of 𝜇𝜇 = 𝜈𝜈 × 𝜌𝜌 = 3.5 × 10−3 [𝑃𝑃𝑃𝑃. 𝑠𝑠] [14]. The motion of the aortic valve with 
flexible leaflets is governed by the linear momentum balance equation, considering a linear elastic 
and isotropic material, with the Young’s modulus of 1[𝑀𝑀𝑃𝑃𝑃𝑃], Poisson’s ratio of 0.45, and density 
𝜌𝜌𝑠𝑠 = 1000[𝑘𝑘𝑘𝑘/𝑚𝑚3], in line with previous studies [15,16]. The equilibrium of surface forces is 
applied at the interface between the solid and fluid parts of the domain. 
 
Table 2 Dimensions of the computational aortic valve structural model elements according to the 

parameters shown in Fig. 2-A. 
No Part Dimension [𝒎𝒎𝒎𝒎] 
1 𝑑𝑑1 2 
2 𝑑𝑑2 14 
3 𝑑𝑑3 1 
4 𝑑𝑑4 1 
5 𝑑𝑑5 1 
6 𝑑𝑑6 28 
7 𝑑𝑑7 30 

 
Table 3 Summary of the computational domain mesh characteristics generated in ANSYS. 

Computational 
domain 

Element 
type 

Element 
order 

Number of 
nodes 

Number of 
elements 

Min element 
size [𝒎𝒎] 

Max element 
size [𝒎𝒎] 

Blood volume Tetrahedral Linear 71248 389719 4.9063e-05 0.00887179 
Aortic valve Tetrahedral Linear 665 1617 4.2214e-04 4.5706e-03 

Results and Discussion 
To evaluate the effect of inlet boundary value, we applied two sets of boundary conditions: the 
first set of boundary conditions (called inlet flow), taken from reference [17], are a physiological 
aortic flow rate at the inlet volume, and physiological pressure values at three other outlets; the 
second set (called inlet pressure), evaluated from reference [14], are the physiological left 
ventricular pressure at the inlet volume and three physiological pressure values at three outlet 
boundary locations. Moreover, the role of the aortic valve is studied considering two numerical 
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model configurations: one configuration simulates merely the blood volume computational 
domain, without the valve (called without valve) and the other is the fluid-structure interaction of 
the blood volume with the aortic valve structural model (called with valve). 

Fig. 3-A and Fig. 3-B, show respectively the calculated numerical flow rate values of the left 
and right coronary arteries when we hired the inlet flow boundary conditions. In each panel of the 
figure, we can compare the results of the configuration without valve (shown in blue) and of the 
one with valve (shown in yellow) to the reference values (shown in orange) borrowed from [17]. 

Moreover, the numerical results of the left and right coronary artery flow rates when we applied 
the inlet pressure boundary conditions from [14] are shown in Fig. 4-A and Fig. 4-B respectively. 
Similar to the former case, the blue color shows the results of the configuration without valve and 
yellow indicates the results of the model with valve. 

 
(A)  

 

(B)  

 
Fig. 3. (A) Left and (B) right coronary artery flow rates when we applied physiological aortic 

flow rate at the inlet volume boundary location and physiological pressure values at three outlet 
boundary locations; all boundary values are hired from reference [17]. 

 
(A) 

 

(B) 

 
Fig. 4. (A) Left and (B) right coronary artery flow rate when we applied physiological pressure 

values at the aorta inlet boundary location as well as physiological pressure values at three 
outlet boundary locations; all boundary values are hired from reference [14]. 

 
By comparing the numerical results of the models without valve in Fig. 3 and Fig. 4, we can 

observe that the model with the inlet flow boundary conditions could better simulate the coronary 
artery perfusion compared to the model with the inlet pressure boundary conditions. In other 
words, the calculated coronary perfusion waveforms in the former model are mostly positive 
values following, though not perfectly, the waveforms of the reference values. In contrast, the 
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numerical coronary artery flow rates in the latter model show large negative values, particularly in 
the diastolic phase. However, the results of the model without valve by applying either set of the 
boundary conditions show deviation from their corresponding reference values. Thus, we run the 
simulations with valve to study the role of the aortic valve functioning in coronary artery perfusion. 
The comparison of the results obtained in models with and without valve in Fig. 3 indicates that 
the inclusion of the aortic valve in the numerical model does not improve the calculated coronary 
flow rates when the flow rate inlet boundary condition is used. This might be due to the fact that 
the inlet volume flow rate boundary condition reported in reference [17] is located downstream of 
the aortic valve. On contrary, in our numerical model, the inlet volume boundary location is 
upstream of the aortic valve, see Fig. 1-B and Fig. 1-B. Nonetheless, the results of the simulation 
with valve in Fig. 4 show that the left and right coronary artery flow rates better resemble the 
reference values compared to the corresponding simulations without valve, if pressure inlet 
boundary condition is hired. 
Conclusion 
We numerically studied the effects of boundary conditions and aortic valve functioning on 
coronary artery flow rates. We could observe that the choice of upstream boundary condition plays 
a significant role in coronary perfusion. Particularly, considering the model without valve, the inlet 
flow boundary condition provides better results than the inlet pressure boundary conditions. 
Instead, if the aortic valve is included, the inlet pressure boundary condition helps better simulate 
the coronary flow rates. In fact, in real human hearts, the left ventricular pressure acts on the 
upstream side of the aortic valve. 
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